The most abundant isoform of the 2S albumin present in seeds of Arabidopsis thaliana has been sequenced and the corresponding gene isolated. Examination of the protein and DNA sequences allows the determination of the exact proteolytic cleavage sites during posttranslational processing. Like other 2S albumins, that of Arabidopsis is made as a prepropeptide. After removal of the signal peptide, the propeptide is cleaved at four other points, giving two subunits linked by a disulfide bridge(s). Comparison of these cleavage sites with those of 2S albumins of Brassica napus and Bertholletia excelsa suggests that while individual cleavage sites between species are conserved, the four processing sites within a species are not similar, suggesting that up to four different proteases may be involved in processing 2S albumins. The Arabidopsis
Plant seeds contain large amounts of storage protein which serve as a source ofnutrition for the seedling (15) . The expression of the genes encoding these proteins is regulated with respect to both time and place; most seed storage proteins are expressed only or largely in the seed, and only at certain stages of seed development (4, 8, 32) . In general, they are co-translationally transported into the endoplasmic reticulum with the simultaneous cleavage of a signal peptide (5) . They then pass through the ER to the Golgi complex and from there to the protein bodies (6, 14) . Many storage proteins undergo further proteolytic cleavages at some stage during this process, but the cellular location of such cleavages has not yet been determined with certainty. Some classes of seed storage proteins are also glycosylated (14) . Seed storage proteins thus provide an interesting experimental system with which to study both Ledeganckstraat, B-9000 Gent,Belgium (J.V.D., M.S., small, water-soluble proteins generally referred to as 2S albumins, 1.7S albumins, or napin-like proteins (7, 34) . Most of them are sulfur-rich (34), and several isoforms may be present (2, 11) . They are composed of two subunits of approximately 8 to 12 and 3 to 5 kD linked by a disulfide bridge(s) (2, 20) . cDNA cloning (1, 7, 10) and, more recently, gene cloning in the case of Brassica (17, 27) has revealed that the two subunits are encoded on one message as part of a large precursor polypeptide. Aside from the signal peptide, at least three other peptide fragments are removed from the precursor to produce the two subunits. The exact sites of processing have thus far been determined in the cases of napin (11) and Brazil nut (1, 2, 10). Sequence conservation between the 2S albumins from different plants is centered around the arrangement of the cysteine residues, suggesting a structural homology rather than a strict sequence homology.
The advantages ofArabidopsis thaliana as a model system for plant molecular biology have been described at length (25) . Of particular interest for this work is the small size of gene families and the lack of large numbers of pseudogenes. In this communication, the complete protein sequence of the most abundant isoform of 2S albumins in Arabidopsis is presented. This sequence was used to isolate a genomic clone, which in turn was used to isolate the entire gene family encoding 2S albumins in Arabidopsis. Analysis of the protein and DNA sequences allows assignment of the proteolytic processing sites and shows that the first gene isolated is an active gene.
MATERIALS AND METHODS
Purification ofArabidopsis 2S Albumins. Seeds ofArabidopsis thaliana (1.4 g) were ground to a fine powder in a dry ice-cooled mortar, and lipids were removed by three extractions with 7.5 ml n-hexane. The dried delipidated powder was suspended in 50 mM NaCl for 30 min under continuous shaking and the pellet removed by centrifugations at 20,000g. The supernatant was then dialysed against deionized water, at which stage the 2S proteins precipitated. They were collected by centrifugation at 10,000g, resuspended in 50 mM NaCl, filtered in 1 ml aliquots through HV-4 Millex filters (Millipore, Milford, MA), and loaded Plant Physiol. Vol. 87, 1988 were eluted in 0.1% TFA2 with a gradient of acetonitrile (see Fig.  1 legend) and analyzed by SDS-PAGE according to Laemmli (18) , with a separation gel of 20% acrylamide. The peak with the 2S proteins was dried and oxidized in 1 ml performic acid.
Performic acid was removed in vacuo, and the dried sample was redissolved in 1 ml and lyophilized. The oxidized 2S proteins were taken up in 0.1% TFA, loaded on a C4 reversed phase column (see above), and eluted with a gradient of acetonitrile in 0.1% TFA (see Fig. 1 legend) (21) .
DNA Sequencing. After identification of a clone likely to contain the 2S albumin gene (see "Results"), serial deletions were done on the M1 3mpl 8 subclone as described by Henikoff (13) . The last deletion clone still hybridizing with the oligonucleotides was sequenced by the method of Sanger et al. (26) . The sequence was completed by the method of Maxam and Gilbert (22) . The other members of the gene family were also sequenced using the latter method.
Other techniques. Southern blots of genomic, phage, and plasmid DNA were done as described by Meinkoth and Wahl (23) . When plasmid subclones were used as probe, the DNA was labeled by nick translation (21) , and hybridization conditions were as for oligonucleotides, except that 2X SSPE was used and the temperature was raised to 68C. Filters were washed 5 to 10 min in 1X SSPE, then 10 to 20 min in 0. 1X SSPE, both with 0.1% SDS and at 68°C. DNA and RNA were prepared from Arabidopsis plants as described by Pruitt ("Arabidopsis thaliana Methods in Molecular Biology," unpublished laboratory manual, California Institute of Technology). Northern blots were done as described (21) . Probes for the Northern experiment were nick translated as described above.
RESULTS
Purification and Sequencing of 2S Albumins from Arabidopsis. The reversed phase HPLC separation profile of the water insoluble Arabidopsis 2S albumin fraction is shown in Figure IA . SDS-Polyacrylamide gel analysis of the collected peak fractions (data not shown) identified peak number 2 as the 2S albumin containing fraction. This material was used for performic acid oxidation and was again subjected to reversed phase HPLC (Fig.  1B , see "Materials and Methods"). The amino acid compositions of the 2S albumin and the separated oxidized small and large subunits are given in Table I . The small subunit was either directly subjected to amino acid sequence analysis or digested with endolysine-C and the resulting peptides individually sequenced. A similar approach was used for the sequence determination of the large subunit, except that trypsin was used for enzyme cleavage. This yielded the sequences shown in Figure 2 . Peptides T4, T5, and T6 were aligned from the amino terminal sequence of the overlapping CNBr fragment. The sequences of these peptides were further confirmed by the composition of the individual peptides.
Cloning of a Gene Encoding an Arabidopsis 2S Albumin. An initial attempt to clone the Arabidopsis 2S albumin using the cDNA encoding the Brassica napus 2S albumin (napin; the clone was kindly provided by Martha Crouch, University of Indiana) was unsuccessful. Therefore, three oligonucleotides were designed on the basis of the protein sequence ( Fig. 2) fractionated on a C4 reversed phase HPLC column as described in "Materials and Methods." Solvent A was 0.1% TFA in water, solvent B was 70% acetonitrile in 0.1% TFA. The gradients applied were as follows: from 0 to 15 min, a linear gradient from 0 to 30% B, and from 15 to 45 min, a linear gradient from 30 to 45% B. At this point the column could be washed and reequilibrated. Flow rates were 1 ml/min and eluates were monitored by absorbance at 214 nm. The most abundant peak, peak 2 (dashed line in the figure) was oxidized with performic acid (see "Materials and Methods") and separated using the same chromatographic system. The results are shown in panel B. The peak labeled SS is the small subunit, that labeled LS is the large subunit.
into M1 3 phages, and the third oligonucleotide (the 47-mer) was hybridized to these subclones. Three of the clones were positive, but only one hybridized consistently with all three oligonucleotide probes. The region of the clone responsible for the hybridization was further narrowed down by doing serial deletions and rehybridizing the oligonucleotide against the deletion subclones. The last deletion clone still hybridizing with the 47-mer oligonucleotide was sequenced and shown to contain a sequence encoding an open reading frame whose derived amino acid sequence matched part of the protein sequence. The original undeleted clone was then sequenced completely (Fig. 3) Small Subunit Large Subunit
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Primary structure of the small (SS) and large (LS) subunits of the most abundant Arabidopsis 2S albumin. The complete sequence is derived from sequences of total protein and overlapping tryptic (T), endolysin C (EC), and CNBr peptides. Only those peptides documenting necesary overlaps are given in the figure. Arrows indicate assigned residues. Since the proteins were performic acid oxidized, PTH-cystic acid could not be identified and yielded a gap in the sequence (stippled arrows). Its position could be indirectly deduced from the amino acid composition of the corresponding peptides and was confirmed by the DNA sequencing results. Amino acids are indicated using the single letter code. The sequences of the oligonucleotides used in the cloning of the gene are shown above the peptide sequence at the appropriate positions. I, inosine; **, for trivial reasons the last two bases of this oligonucleotide were incorrectly assigned. removed during processing (see "Discussion"). The (Fig. 5) , the borders between the regions encoding the signal peptide, the amino terminal processed fragment, the small subunit, the linker, the large subunit, and the carboxyl processed fragment, respectively, of each sequence is underlined. genomic DNA (Fig. 4) and the original phage clone containing the gene (not shown) digested appropriately. The genomic Southern data suggested that one or more genes were present on another restriction fragment, but the difference in hybridization intensity suggested that it or they were not completely homologous to gene 1. Similar size fragments resulted from the hybridization against the original phage clone, with the exception of EcoRI, where the discrepancy was shown to be caused by the fragment in question being a junction fragment at the end of the phage insert. This suggested that the other gene(s) might be present on the same Charon 35 clone. By repeating the hybridizations against digests of several subclones of the phage, it was possible to delimit the hybridizing regions to two separate blocks (data not shown). These were sequenced and found to contain two 2S albumin genes, located downstream of gene 1 and oriented in the same direction. When these genes were used as probes in further hybridization experiments, they, as expected, hybridized strongly with the 4.3 kb HindIII fragment on which they are located and weakly with the 1.0 kb HindIll fragment containing gene 1 (Fig. 4) . They also unexpectedly hybridized weakly to a 1.75 kb HindIII fragment to which gene 1 previously had not hybridized. Further analysis revealed that the new hybridizing fragment was adjacent to the 4.3 kb fragment containing genes 2 and 3 and contained in one of the subclones (Fig. 4) Figure 3 , and the derived protein sequences of all four genes in Figure 5 . As R GQ IQE QCQE B. exce.
(++) (44) (++) R. comm. gene whose derived amino acid sequence matches that of the isoform sequenced, genes 2 to 4 containing significant differences, including deletions. As there appear to be no other 2S albumin genes in the genome, and as the isoform sequenced was clearly the most abundant (see Fig. 1 ), it is concluded that gene 1 represents an active gene. The presence of other significant peaks in the HPLC pattern of the 2S fraction suggests that at least a subset of the other three genes may also be expressed (see "Discussion").
Northern Analysis. RNA prepared from stem, leaf rosette, flowers, and seed pods was probed with a fragment containing the entire coding region of gene 1. The results are shown in Figure 6 . The probe hybridizes strongly with RNA prepared from seed pods and only weakly with that from other tissues, as would be expected with a seed storage protein. The transcript size of approximately 650 bp is consistent with the size of the protein.
The experiment gives no information on the relative expression of the four genes since it was not done using probes that would ensure gene specific hybridization. However, when fragments containing only genes 2 (not shown) or 3 ( Fig. 6 ) are used as probes, significantly longer exposure times are required to see a signal of similar intensity.
DISCUSSION
The sequence of the mature form of the 2S albumin of Arabidopsis thaliana has been presented. This sequence was used to design oligonucleotides with which a genomic clone was isolated, which in turn was used to isolate the other three members of the Arabidopsis 2S albumin gene family.
The protein sequence and the derived amino acid sequence of gene 1 match exactly, with the exception of the regions which are removed during proteolytic processing. Examination ( 11) suggest that the sequence starts I P K C (the asterisk in Fig. 5 ), but the amino acid composition data of both Ericson et al. ( 11) and of Lonnerdahl and Janson (20) [7] had suggested SGGG/PN based on amino acid composition data, but this was not confirmed by the sequence data of Ericson et al. [11] . (28) and Brazil nut (2) (Fig. 5 ; Table II) show that. while napin and the Arabidopsis proteins share signif- Table II . Pairwise Comparisons of2S Albumins Pairwise comparison of the four A. thaliana genes (AT2S1-AT2S4) as well as of AT2S1 with 2S albumins from three other species (right column). The columns under Proc give the percent identity ofthe four processed regions not present in the mature peptide, while those under Mat give the same for the mature protein. As the processing sites for AT2S2-4 are unknown, they were assigned arbitrarily as shown in Figure 5 . For the Arabidopsis comparisons, values for the percent identity of the entire DNA sequences of the coding regions are given. In the case of the protein comparisons, deletions of three or more residues were not included in the calculation, while for the DNA comparisons deletions of nine or more bases were not used in the calculation. These can be visually inspected in Figures 3B and 5 icant homology in both the mature and processed regions, the major conserved feature between the 2S albumins from different species is the placement ofthe cysteine residues. While the amino and carboxyl ends of both subunits vary, the distances between the cysteine residues is almost constant, with the striking exception ofthe distance between the fourth and fifth cysteine residues of the large subunit. This suggests that the length of this hypervariable region is not critical to the structure of the protein.
Similar considerations apply to the regions preceding the first and following the last of the cysteine residues in both subunits. AT2S1 differs most from the otherArabidopsis genes and from napin in the junction region of the small subunit and the linker between the small and large subunits (since the processing site of the other three genes is unknown, it is not possible to say if the differences are in the small subunit, the linker, or both). In this region, AT2Sl has a large deletion relative to the other three Arabidopsis genes as well as to napin. AT2S3 has a seven residue deletion relative to the other three at the (apparent) end of the linker, and AT2S4 lacks four residues just after the probable start of the large subunit. The sequence of the 13 residues located proximal ofthe linker end is unusually rich in negatively charged residues. The distribution of acidic and hydrophobic residues follows the pattern haaahahaaahaN (h, hydrophobic; a, acidic; and N, asparagine). This sequence is present in the linker of napin and the presumptive linkers of AT2S2 and AT2S4, but only partially in the AT2S1 and (presumptive) AT2S3 linkers.
Perhaps unexpectedly in all cases except the distantly related Brazil nut, the processed regions are more highly conserved (with the exception of the deletion discussed above) than the mature proteins (Table II) . This conservation is not due solely to the signal peptide and suggests that these regions are under evolutionary constraints at least as great as those bearing on the sequences encoding the mature polypeptide. The situation is in contrast to that seen in genes encoding the small subunit of ribulose bisphosphate carboxylase, in which the sequences encoding the transit peptide are in general less conserved between genes than the sequences encoding the mature peptide (9) .
The data presented here demonstrate that 2S albumins in Arabidopsis are encoded by a small gene family whose four members are arranged in a tandem array. The intergenic distances are fairly small (1.4, 1.7, and 1.3 kb), and none of the genes appears to contain an intron, certainly not in the protein encoding region. Sequence and hybridization data (Table II; Fig.  4) show that genes 2 and 3 are the most closely related to each other at the DNA level while genes 1 and 4 are both less closely related to genes 2 and 3. It is not obvious from the sequencing data ( Fig. 3 ; Table II ) why AT2S1 hybridizes even more weakly to gene 4 than genes 2 and 3. The four genes could be divided into two or three subfamilies, but the utility ofsuch a subdivision awaits the study of the relative levels of expression of the four genes. While this paper was in preparation, two genes from Brassica napus were presented (17, 27) . In Brassica, the gene family encoding 2S albumins is significantly larger than in Arabidopsis, containing at least 10 and perhaps more than 16 genes.
It is possible that all members of the gene family are active. None of the genes can be classified as pseudogenes on the basis of frameshifts or mutations causing the insertion of stop codons in the middle ofthe coding sequences. Comparison ofthe protein sequencing data with the DNA sequences of the three genes demonstrates that only gene 1 could encode the sequenced isoform, which is the most abundant one (Fig. 1) . The HPLC profile of the 2S fraction shows two other significant peaks as well as possible shoulders in two of the peaks, so that it is not unlikely that at least a subset ofthe other three genes is expressed. Definitive proof would require amino acid composition and/or sequencing data of the other fractions observed in the HPLC profile or construction ofgene specific DNA or antibody probes. Comparison of the 5' regions of the four genes (Fig. 3a) Figure 6 , but the identification of such signals requires functional analysis ofthe promoter. The comparison ofthe 5' regions also shows significant deletions among the similar regions, and it will be of interest to see if these differences in the presumed promoter regions are reflected in the relative expression levels of the different genes.
